Membrane-free microfiltration by asymmetric inertial migration is studied and evidence of the filtration capability is presented. Centrifugal force induced by flow in spiral channel geometry modifies the lateral symmetry of straight-channel tubular pinch equilibrium resulting in a focused particle band nearer to the inner sidewall. Bifurcated outlets separately collect the concentrated particle band and remaining effluent. The spiral continuous flow filtration relies solely on internal fluidic shear characteristics, eliminating the need for membrane filters or external force fields. This device has the desirable combinations of high throughput and low cost, making it inherently suited for preparative filtration in the range of micro-to macroscale applications.
Membrane-free microfiltration by asymmetric inertial migration is studied and evidence of the filtration capability is presented. Centrifugal force induced by flow in spiral channel geometry modifies the lateral symmetry of straight-channel tubular pinch equilibrium resulting in a focused particle band nearer to the inner sidewall. Bifurcated outlets separately collect the concentrated particle band and remaining effluent. The spiral continuous flow filtration relies solely on internal fluidic shear characteristics, eliminating the need for membrane filters or external force fields. This device has the desirable combinations of high throughput and low cost, making it inherently suited for preparative filtration in the range of micro-to macroscale applications. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2756272͔
The demand for microfiltration has been on the rise and is closely associated with more stringent industrial standards as well as heightened public health awareness. Current purity-critical processes in the semiconductor, pharmaceutical, biotechnology, or laboratory/analytical industries require high quality microfiltration since even slight traces of contaminants may cause systemic failures. Growing concerns about public water safety have highlighted the use of microfiltration as the leading nonchemical technology to prevent health and environmental issues.
Microfiltration systems for suspended microparticulates have primarily focused on the use of two concepts; ͑1͒ physical barriers and ͑2͒ external force fields. Fluid filtration by barriers uses an average pore size where particles larger than the pores are by a filter interface. Filtration by external force fields is a noncontact method utilizing the material properties of particulates and applied forces to impose non-physical barriers to exclude or retain particles. Sedimentation, centrifugation, dielectrophoresis, 1, 2 and immunomagnetic separation 3 are some well-known techniques. Current demands in microfiltration require a continuous, low cost, and high-throughput technique. The methods employed currently for microfiltration utilize batch processes or necessitate comparatively large investments in supporting equipment and frequent down time for system preparation and regeneration. Clogged membrane filters degrade in performance over time and filtered biomaterials may serve as bioreactors posing contamination hazards. Sedimentation requires long processing times especially for small particles. Dielectrophoresis and immunomagnetic separation have been available only for low-throughput laboratory use. Field flow fractionation relies on applied external force fields to separate small particles, and has limited throughput. 4, 5 In this letter, we present a membrane-free filtration technology that is capable of continuous flow and highthroughput operation. The working principle is purely fluidic flow in curved channel structures, eliminating the need for filter interfaces or external force fields. Balanced transverse force components concentrate and divert particle streams according to the designed size cutoff. This spiral flow filtration concept can address size-and mass-based separation of microparticles, including biological agents. The design simplicity makes this device amenable both to in-line integration with other downstream processes and to serve as stand-alone, high-throughput, macroscale or fine microscale lab-on-chip applications.
Fluidic shear in straight channels is known to generate lateral forces which cause inertial migration of particulates.
6-21 Segré and Silberberg 6,7 experimentally demonstrated the tubular pinch effect where neutrally buoyant particles migrate to form a symmetric band that is 0.6D wide, where D is the channel diameter. In quadratic Poiseuille flow, three contributions have explained the lateral migration of a rigid sphere. The wall lift F w acts to repel particulates from the wall due to lubrication. 8, 9 The second contribution is the Saffman inertial lift toward the wall due to shear slip,
where , V, a, and R e are, respectively, the fluid viscosity, average channel velocity, particle radius, and channel Reynold's number given by
with and D being the fluid density and hydraulic diameter of the channel. 10, 14 The third is the Magnus force due to particle rotation toward the wall,
where ⍀ is the angular velocity and V is the velocity. 11 F w dominates near the wall and achieves equilibrium with the combined effects of F S and F M to confine particles in a band. Segré and Silberberg 7 developed a reduced length parameter to scale this tubular pinch effect in a simple form,
where l is the actual channel length and d is the hydraulic channel radius. In curvilinear channel geometry, a centrifugal force modifies the symmetric tubular pinch effect. The fluid inertia from this force causes a secondary transverse flow or Dean vortex, [22] [23] [24] [25] which is a double recirculation, as shown by the dot arrows in Fig. 1 
where R is the radius of curvature of the channel. 22 Particles in midelevation migrate transversely outward with the Dean vortex, are repelled by the wall lift, and continue to loop back along the top and bottom walls toward the inside wall. The combined Saffman and Magnus forces are large in comparison to the viscous drag of the Dean vortex, so particles are trapped in a force minimum located adjacent and closer to the inner wall.
The fabrication steps for prototyping the membrane-free microfiltration by a spiral fluidic design are based on soft lithography with polydimethylsioxane ͑PDMS͒. 26, 27 In order to maximize the effect from the centrifugal force and tubular pinch effect, the double spiral design was adapted with 12 turns for each spiral, as shown in Fig. 2 . The channel width and interchannel spacing are 300 m. At the junction of the two spirals, the fluid changes rotational direction. A mold with the design was prepared using surface micromachining techniques. 100 m high rigid polymer structures were patterned for microfluidic structures using SU-8 negative photoresist on a 100 mm silicon wafer. After a base and curing agents of PDMS were mixed ͑10:1͒, the degassed liquid mixture was then poured onto the mold and cured at 80°C for 1 h. Holes of 0.5 mm diameter were punched mechanically into a detached PDMS device from the mold for fluidic connections to the outside tubings. The device was subsequently bonded to a 500 m thick self-adhesive PDMS sheet and mounted onto a glass slide during filtration. Finally, plastic tubes were inserted into the punched holes and connected in a fluidic loop with the pump, as shown in Fig. 2 . Polystyrene beads of 10.5 m diameter ͑Polybead®, Polysciences PA, USA͒ were used for the filtration experiments. Before filtration, the spiral device was primed with de-ionized water to remove all air bubbles. The solution is injected through the inlet and flows through the spiral channels. Filtered water and separated beads were collected in tubes through different outlets, and the outlet valves were adjusted as necessary.
The lateral forces across the spiral channel geometry transformed the homogeneous distribution of particles at the inlet area into the ordered band near the inner outlet, as shown in Fig. 3 . A dispersed particle suspension was introduced into an inlet ͑P 1͒ with an average flow velocity of 92 mm/ s. After two spiral turns ͑P 2͒, the particles closest to the inner wall ͑lower boundary͒ have started to concentrate at 0.6w from the channel center, where w is a half of the channel width. At the transitional point near the center of spiral geometry ͑P 3͒, particle concentration shows a band with a sharp edge on the inside and a more diffuse edge on the outside. It should be noted that this ͑P 3͒ is a transition point to change the flow from clockwise to counterclockwise direction. This transition has beneficial effects on compacting the band of particles. After the transition point, the sharp edge of the band is switched to the outside and the continuing lateral force acts to mitigate against the dispersive effects of Brownian motion and diffusion. On the other hand, the diffuse outside edge of the band is switched to the inside and is now subjected to the compacting effect of the centrifugal and lift force induced effects. As a result, a sharp edge is developed as observed ͑P 4͒. The concentrated band of particles is diverted into the inside outlet ͑P 5, L = 34.2͒, while the effluent stream is routed into the outside outlet. Segré and Silberberg showed that the reduced length parameter for one order of concentration difference should be L Ͼ 9. 7 The concentration difference between the collected samples is expected be about two orders of magnitude.
Particle counting of collected samples after filtration confirmed the results from the preceding observation. After the samples were filtered with different flow rates, the collected samples were diluted to 50 times for coultercounting ͑Z2™ COULTER COUNTER®, Beckman Coulter, CA, USA͒. The concentration of particles from the outer outlet decreased as the flow velocity increased ͑Fig. 4͒. As discussed previously, the efficiency of filtration depends on the corresponding length L that is a function of ͑particle velocity͒. 7 Faster flow velocity improved filtration efficiency ͑particle capture efficiency͒ from 64.7% at 23 mm/ s to 99.1% at 92 mm/ s. The separation factor or ratio of concentrations of the particle and effluent outlets exceeds 200 times and can be further optimized ͑Fig. 4͒. The important effect of the spiral geometry is to focus the particles into a narrow band through the asymmetric tubular pinch effect. The nested double spiral acts to sequentially compact each side of the band resulting in a sharper and narrower band than is predicted by the tubular pinch effect alone.
In summary, a continuous flow, membrane-free, spiral filtration method using fluidic shear flow in curved channels has been presented. The separation principle is to balance the centrifugal and fluidic forces to achieve asymmetric inertial equilibrium near the inner sidewall. At the outlet, the flow stream is bifurcated so that the effluent stream is eluded through the outside outlet, while the concentrated particulate stream is collected in the inner outlet. Filtration capacity such as sample, volume, hydraulic retention times, filtration rate, cutoff particle size, and concentration factor can be adjusted by tailoring fluidic and dimensional parameters. Extension to size separation would involve tailoring of the flow parameters for a monotonic range of particle sizes and providing capture channels in sequential manner along the spiral conduit. Another is to cascade several of these spiral structures, each tailored for a decreasing particle size range cutoff. The design simplicity makes this device amenable both to in-line integration with other downstream processes and to serve as a stand-alone application. The large dynamic size range in its filtration capacity makes it suited for both highthroughput macroscale and fine microscale lab-on-chip applications. Parallelization of modular units can be envisioned for higher throughput. This membrane-free device has the desirable combinations of high throughput and low cost, making it inherently suited for preparative filtration in the range of micro-to macroscale applications. 
